Background: Due to competing health priorities, low-and middle-income countries (LMIC) may need to prioritize between different influenza vaccine risk groups. Risk group prioritization may differ in LMIC based upon programmatic feasibility, country-specific prevalence of risk conditions and influenza-associated morbidity and mortality.
Introduction
In 2012, the World Health Organization (WHO) published a revised position paper on the use of influenza vaccines [1] . Collection of country-specific data on risk groups, influenza disease burden and vaccine cost-effectiveness was encouraged to aid in policy development, especially in low-and middle-income countries (LMIC). Risk groups to be considered for vaccination included pregnant women, children aged 6-59 months, adults aged 65 years and older, individuals with specific chronic medical conditions, and healthcare workers. Given available data, WHO's Strategic Advisory Group of Experts on Immunization recommended the prioritization of pregnant women for seasonal influenza vaccination to protect both pregnant women and young infants against laboratory-confirmed influenza. As there were limited data available about influenza in pregnancy in LMIC, this recommendation was largely based on programmatic feasibility [2] , the findings of a single randomized controlled trial from Bangladesh [3, 4] , and observational data on vaccine safety and effectiveness from high-income countries [5] [6] [7] . Influenza surveillance capacity in LMIC has expanded since the 2009 influenza A(H1N1) pandemic [8] [9] [10] . There is a growing body of literature about the burden of and risk groups for influenza-associated severe disease and death in LMIC [11] [12] [13] [14] . In South Africa, as in high-income countries, young children and adults aged ≥65 years share a disproportionate burden of influenza-associated hospitalizations and deaths [15, 16] ; however, HIV-infection and tuberculosis (TB) disease are also important risk factors for severe outcomes in this context [17] [18] [19] [20] . Thus, risk group prioritization may differ in LMIC based upon country-specific prevalence of risk conditions and influenza-associated morbidity and mortality.
Due to competing health priorities, LMIC may have limited resources to dedicate to the purchase of influenza vaccines. In such cases, vaccine needs of high risk groups may exceed the available resources for vaccine procurement. Prioritization among high risk groups may therefore be necessary to optimize influenza vaccine distribution in order to achieve the greatest impact on severe disease outcomes. In addition to assessing the burden of severe disease among different risk groups, the efficacy and effectiveness of influenza vaccines in the high risk group may also be relevant to risk group prioritization. There is evidence of reduced vaccine efficacy in children aged 6-23 months [21, 22] , adults aged 65 years and older [23] and individuals with specific chronic medical conditions (e.g. renal disease) [24] ; however, influenza vaccine efficacy in pregnant women appears comparable to that of healthy adults and also prevents influenza in the young infant [15, 25] . There are no data on the efficacy of influenza vaccines in persons with TB disease. Furthermore, risk groups with existing platforms for immunization service delivery (e.g. infants through the Expanded Programme on Immunisation (EPI) and pregnant women through antenatal care (ANC)) may be easier to access than groups that do not present for frequent, scheduled visits (e.g. the elderly). HIV-infected adults and persons with TB disease not receiving care are potentially at even higher risk of influenza-associated hospitalization or death than those in care [26, 27] due to immunosuppression, but there is no existing mechanism to provide influenza vaccine to these high risk individuals. HIV and TB clinics may also be platforms for immunization service delivery; however, immunization services may not currently exist in these clinics. Likewise, persons aged 65 years and older are less likely to seek care [28] . There are limited existing data on influenza vaccine cost-effectiveness in LMIC [29] . Due to the lower cost of hospitalization and outpatient consultation, influenza vaccines may not be as cost effective in LMIC as in high-income countries. Likewise, high rates of unemployment may reduce influenza-associated productivity losses.
Given the complexities associated with influenza vaccine prioritization, we sought to aid policy makers to make evidence-based decisions on risk group prioritization in South Africa.
Methods
Using locally available disease burden data (both published and unpublished) and published literature on vaccine efficacy in high risk groups and healthy adults, we developed an evidence-based approach to aid policy makers in South Africa with risk group prioritization for influenza vaccination. For each risk group (pregnant women, HIV-infected adults, children aged 6-23 months 1 , adults aged 65 years and older, healthcare workers, adults and children with tuberculosis disease (all ages), and adults and children aged 5-64 years with non-HIV chronic illness) we sought to identify data on risk of hospitalization or death from influenza infection, population size, influenza vaccine efficacy (VE) and existing platform(s) for service delivery. VE estimates from randomized controlled trials were preferred over observational VE estimates. When no data were available (e.g. current influenza vaccine coverage) we used national estimates of influenza vaccine coverage from prior campaigns, or estimates of vaccine coverage from other vaccines targeting similar risk groups (e.g. tetanus vaccine coverage for pregnant women). We did not attempt to assess the potential impact of vaccination on disease transmission or to weigh the potential benefit of maternal influenza immunization on birth outcomes [30] . The data sources used in this study are provided in Table 1 .
Population estimates
Population estimates for all risk groups were publicly available except for persons with chronic illnesses (excluding HIV) and pregnant women [31, 32] . For pregnant women we used the total live births from mid-year 2016 population estimates [31] . To estimate the number of HIV-uninfected children and adults aged 5-64 years with chronic illness we obtained data on self-reported chronic illness from the South Africa National Health and Nutrition Survey (SA NHANES) [33] . The SA NHANES survey did not collect data on HIV status. To adjust for the increased prevalence of chronic conditions among HIV-infected children and adults we used the following formula [34] : the prevalence of underlying conditions in HIV-uninfected children and adults by age group = SA NHANES survey age group-specific prevalence of underlying conditions/[1 + 0.58 (age group-specific HIVprevalence)]. We applied this prevalence estimate by age group (5-14y, 15-24y, 25-44y, and 45-64y) to the total HIV-uninfected population in the age stratum to estimate the population who would potentially seek care in non-HIV chronic illness clinics.
Rates of influenza-associated hospitalization
Rates of influenza-associated hospitalization were calculated using hospital-based surveillance at sentinel sites adjusting for non-enrolment, health-seeking behavior, and the attributable fraction of influenza-associated disease, stratified by age and HIV status [35, 36] ; see also Supplemental information). Rates were adjusted for specific risk factors (e.g. pregnancy, chronic illness) based upon the increased odds of influenza-associated hospitalization derived from hospital-based surveillance and data on the age-adjusted prevalence of the risk factor in the general population, or from the literature [11,37,38].
Rates of influenza-associated death
Influenza-associated deaths were estimated from published ecological models of seasonal excess mortality from vital statistics data using laboratory-confirmed influenza as a covariate [16, 19, 39, 40] . Monte Carlo simulations using 5000 iterations based on a Poisson distribution in SAS 9.3 (SAS Institute, Cary, NC) were used to develop means and 95% confidence intervals for estimates of hospitalization or mortality rates requiring adjustment for risk factors.
Vaccine efficacy estimates
Vaccine efficacy (VE) of inactivated influenza vaccine was obtained from meta-analyses of the published literature for healthy adults and the elderly [23, 41] . For pregnant women [15, 25] , infants aged 0-5 months [3, 15, 25] , and children aged 6-23 months [22, 42] we performed random effects meta-analyses of published randomized controlled trials (RCTs) of influenza VE (see results in Supplemental Information). There were no estimates of influenza VE in persons with tuberculosis disease and there are few RCTs that evaluate VE against laboratory-confirmed influenza infection in persons with chronic illnesses as most have looked at a single disease and at alternative endpoints (exacerbations, etc.). For this reason, we used the VE estimate for adults aged 65 years and older to score these two risk groups (Table 2) . We assumed VE against influenza-associated hospitalization or death was equal to VE against laboratory-confirmed influenza-associated illness.
Vaccine coverage estimates
Each year the South African National Department of Health produces estimates of influenza vaccine coverage by target group. Target groups with estimated vaccine coverage in 2015 were pregnant women, children age 6-59 months, adults aged ≥65 years and persons with chronic illness (including HIV-infected adults) [43] . We did not find a local estimate of influenza vaccine coverage among healthcare workers so we used an average estimate of 10% from low and middle-income countries from the literature [44] .
Coverage-adjusted hospitalization and mortality scores by risk group
To define target vaccine coverage we modified estimates of vaccine coverage from other vaccines targeting similar risk groups (e.g. tetanus vaccine coverage for pregnant women) [45] assuming an annual campaign of approximately 3 months duration 2 would cover 50% of the annual coverage or, for groups with no current immunization platform, 80% of individuals presenting to a clinic in a 3-month period (20% for persons with HIV, TB and other chronic illness, 10% for persons aged ≥65 years). We assumed that healthcare worker vaccination coverage could be increased to 80% with improved access and education [44] .
Estimated rate of hospitalizations/deaths averted by vaccination
We used the following formula to estimate the rate of hospitalizations (or deaths) averted by vaccination in each risk group: rate of influenza-associated hospitalization (or death) per 100,000 population * influenza vaccine efficacy. Monte Carlo simulations using 5000 iterations based on a Poisson distribution in SAS 9.3 (SAS Institute, Cary, NC) were used to develop means and 95% confidence intervals for estimates of the rate of influenza-associated hospitalizations (or deaths) averted per 100,000 vaccinated and an overall populationweighted estimate of the rate of influenza-associated hospitalizations (or deaths) averted per 100,000 vaccinated. The parameters used for the calculations are provided in Table 2 .
Cost per hospital day averted/year of life saved
We also examine the potential years of life saved by vaccinating 100,000 individuals in each target group and the cost per year of life saved. The cost of vaccinating 100,000 individuals was estimated as the single dose vaccine price (~USD3) * 100,000 for all groups except children aged 6-23 months for whom the price was doubled 3 [46] . Mean duration of hospitalization was estimated from local severe respiratory illness surveillance data. The cost per hospital day averted was calculated by dividing the cost of vaccinating 100,000 individuals by the product of the mean hospitalization duration and the estimated hospitalizations averted per 100,000 vaccinated. Estimated years of life saved was calculated for each risk group based upon expectation of life in years by age [47] and HIV-status [48] . The cost per year of life saved was calculated by dividing the cost of vaccinating 100,000 individuals by the product of the mean years of life saved per death averted and the estimated deaths averted per 100,000 vaccinated. The estimated hospitalizations and deaths averted by the current program and the target influenza vaccination programs were determined by multiplying the number of doses administered/100,000 by the rate of hospitalizations and deaths averted per 100,000 vaccinated.
Results

Hospitalizations averted per 100,000 vaccinated
Pregnant women had the highest estimated rate of hospitalizations averted per 100,000 vaccinated at 228.5 (95% CI 130.8-362.4) in addition to the benefit conferred to their infants aged 0-5 months (Table 2 ). Adults with HIV-infection, adults and children with tuberculosis disease, and adults aged 65 years or older also had high rates of hospitalization averted per 100,000 vaccinated at 190.9 (95% CI 24.5-390.6), 162.0 (95% CI 96.6-245.1), and 111.0 (95% CI 70.3-160.7), respectively. Young children aged 6-23 months had high rates of hospitalization averted per 100,000 vaccinated with wide confidence intervals (111.6, 95% CI 1.1-238.3) due to variable vaccine efficacy. Healthcare workers and adults and children aged 5-64 years with chronic illness had lower rates of hospitalization averted per 100,000 vaccinated at 36.1 (95% CI 26.5-46.3) and 29.4 (95% CI 15.5-44.7), respectively.
Deaths averted per 100,000 vaccinated
In South Africa, the majority of influenza-associated deaths occur in older adults and this resulted in adults aged ≥ 65 years having the highest estimated rate of deaths averted per 100,000 vaccinated, 96.6 (95% CI 26.2-180.9). Adults and children with TB disease also had very high rates of deaths averted per 100,000 vaccinated, 95.0 (95% CI 64.0-127.3). HIV-infected adults also had moderately high rates of deaths averted per 100,000 vaccinated, 18.2 (95% CI 6.1-102.3). Due to lower mortality rates, pregnant women, young children, healthcare workers and those with non-HIV chronic illness had lower estimates of deaths averted per 100,000 (Table 2 ).
Coverage-adjusted hospitalization and mortality scores by risk group
Many LMIC, including South Africa, provide immunization services to young children and pregnant women but few may offer immunization services to other risk groups. Therefore, countries introducing influenza vaccination programs may have to assess the opportunity costs associated with vaccinating persons outside these existing programs. We adjusted hospitalization and mortality rates per 100,000 by current and proposed target vaccine coverage to include an assessment of feasibility in our discussion of prioritization. Based upon coverage-adjusted hospitalization and mortality scores pregnant women remain the highest priority for averting hospitalizations (target score 102.5); adults and children with TB disease and healthcare workers increase in relative prioritization based upon target mortality scores (scores 19.0 and 10.0, respectively) ( Table 3) . HIV-infected adults remain an important risk group in both coverage-adjusted hospitalization and mortality scores, and the elderly remain an important risk group based upon mortality scores.
Cost per hospital day averted and cost per year of life saved
The cost per hospital day averted ranged from USD148-1,344 with a population-weighted mean of USD386 (95% CI 244-761) ( Table 4) . Cost per hospital day averted was lowest among pregnant women and their infants (USD148), HIV-infected adults (USD196), and adults and children with TB (USD206). The highest costs per hospital day averted were in children aged 6-23 months (USD1,344) and adults and children aged 5-64 years with non-HIV, non-TB chronic illnesses (USD1,276). The cost per year of life saved ranged from USD112-1,230 with a population weighted mean of USD429 (95% CI 226-1,425) and was lowest among adults and children with TB (USD112), HIV-infected adults (USD257), and pregnant women (USD373) ( Table 4) .
Estimated current and target vaccine coverage and impact
The estimated number of South Africans that fall into one or more risk categories was over 23 million in 2016. Current vaccination coverage in the public sector is less than 5% in all risk groups except pregnant women (14%). Despite relatively low coverage, our simple model estimated 1054 (95% CI 405-1,849) hospitalizations and 247 (95% CI 99-431) deaths might have been averted in 2016. At approximately USD3 per dose of influenza vaccine, the cost per hospitalization averted was approximately USD2,386 (95% CI 1,360-6,203) and the cost per death averted was USD10,200 (95% CI 5,836-25,426). If resources allocated to influenza vaccine procurement were increased, the proposed target program could potentially avert 5,538 (95% CI 1,722-10,126) hospitalizations and 1,478 (95% CI 545-2,656) deaths (Table 5) . At the same cost per dose, the cost per hospitalization averted would be approximately USD2,781 (95% CI 1,521-8,943) and the cost per death averted would be USD10,420 (95% CI 5,800-28,270).
Discussion
Hospitalization rates and mortality rates due to influenza-associated illness may differ in LMIC, there are cultural differences in care-seeking for severe respiratory illness, and there are few public sector programs that routinely provide immunization and preventive care services. Considering all of these factors in prioritization of risk groups for influenza vaccine introduction is essential to program acceptance and success in resource-limited settings. Prior studies of influenza vaccine prioritization have focused on minimizing years of life lost [49] , on individuals at high-risk of complications [50] or on reducing transmission by vaccinating children [51] during pandemics. This analysis is a first attempt at applying similar concepts to routine annual influenza vaccination.
In South Africa, adults and children with TB, HIV-infected adults, and pregnant women had among the lowest costs per hospital day averted and year of life saved. While the elderly rank highest when considering potential deaths averted per 100,000 vaccinated, their lower hospitalization rates and lower years of life lost per death increased the cost per hospital day averted and per year of life saved. Lower vaccine efficacy and the need for 2 doses of influenza vaccine in children aged 6-23 months who have not been previously vaccinated increase the cost per hospital day averted and per year of life saved for this risk group.
There are several limitations to this methodology. First, data on vaccine efficacy in some risk groups were extremely limited. There were no data on influenza vaccine efficacy in persons with tuberculosis disease. Vaccine efficacy data in children aged 6-23 months and HIVinfected adults were also limited. Second, we assumed influenza vaccine efficacy would be the same for influenza-associated hospitalization or death as it is against laboratoryconfirmed influenza-associated illness, where most data are collected among outpatients. Third, our estimates of cost per hospital day averted or year of life saved do not include adjustments for vaccine delivery or administration. It was challenging to separate administration costs because there were no additional staff hired to administer immunizations during annual influenza vaccination campaigns. Fortunately, administration and transportation costs should be similar across risk groups and would therefore be less likely to affect relative prioritization. Fourth, we only assessed the potential impact of trivalent inactivated influenza vaccines. Newer vaccines that may differentially increase vaccine efficacy in risk groups might impact the relative prioritization of risk groups. Finally, the results are based on prevention of influenza-associated hospitalization or death and do not assess potential impact of vaccination on disease transmission or productivity loss. Including indirect effects of vaccination on influenza transmission might improve overall estimates of cost effectiveness or result in different prioritization of risk groups.
Prior modelling of the impact of influenza vaccination on disease burden in pregnant women and infants was able to inform estimates of the fraction of infant disease potentially averted through maternal vaccination [52] (M Biggerstaff, personal communication). For other risk groups we assumed that vaccine effectiveness was equivalent to published estimates of efficacy. This assumption may be incorrect in that not all persons may have received vaccination prior to the onset of the influenza season, vaccine effectiveness varies depending on how well the vaccine strains match the circulating strains, and vaccine effectiveness may wane during the season.
South Africa has published rates of influenza-associated illness and death in most of the vaccine target groups. Likewise, population estimates from census data, disease modelling, or other sources were available for most risk groups. However, there were few published estimates of the prevalence of common co-morbid conditions in South Africa and none that assessed the prevalence of any co-morbid condition (i.e. one or more conditions). By using the SA NHANES survey data we estimated the prevalence of any common chronic illness; however, the SA NHANES did not document all underlying illnesses nor the HIV status of participants. We attempted to adjust for the increased prevalence of comorbid conditions among HIV-infected children and adults in estimating the prevalence of other chronic illnesses in HIV-uninfected children and adults but there were no data available on such adjustments in a LMIC setting.
Finally, we did not include formal cost-effectiveness analyses for each risk group. We have recently collected costing data for respiratory illnesses in South Africa and hope to produce estimates of influenza vaccine cost effectiveness in the future.
Conclusions
In 2016, the National Advisory Group on Immunization in South Africa recommended that pregnant women and HIV-infected persons be prioritized for publicly funded influenza vaccination given available evidence on influenza-associated disease burden and a preliminary version of this analysis (S. Walaza, personal communication). These two risk groups had the highest rates of potential hospitalizations averted and were among the lowest cost per hospital day averted and year of life saved. Only adults and children with TB disease had lower cost per hospital day averted and year of life saved but this group was not prioritized given the lack of available data on influenza vaccine efficacy.
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